Abstract: A major breakthrough in UV-LIGA (Lithographie, Galvanoformung and Abformung) started with the use of epoxy-based EPON ® SU-8 photoresist in the mid-1990s. Using this photoresist has enabled the fabrication of tall and high aspect ratio structures without the use of a very expensive synchrotron source needed to expose the photoresist layer in X-ray LIGA. SU-8 photoresist appeared to be well-suited for LIGA templates, but also as a permanent material. Based on UV-LIGA and SU-8, Mimotec SA has developed processes to manufacture mold inserts and metallic components for various market fields. From one to three-level parts, from Ni to other materials, from simple to complicated parts with integrated functionalities, UV-LIGA has established itself as a manufacturing technology of importance for prototyping, as well as for mass-fabrication. This paper reviews some of the developments that led to commercial success in this field.
Introduction
Developed in the early 1980s by a team under the leadership of Becker and Ehrfeld [1] , X-ray lithography demonstrated the fabrication of highly 2.5-dimensional structures with aspect ratios as high as 100:1. Combined with electroplating and known under the acronym X-ray LIGA (Lithographie, Galvanoformung and Abformung), this technique has been used in many research projects, but only on a limited scale for industrial applications. Although X-ray LIGA is well suited for fabricating very high aspect ratio structures, very precise shape definition, high straightness and planarity of sidewalls, this approach has not made its way into large-scale industrial applications, mainly because of the expensive synchrotron source needed to expose the photoresist layer and the rather small patterned area. An extensive review on X-ray LIGA can be found in [2] .
In the early 1990s, Frazier and Allen used UV light and polyimide photoresist to fabricate microstructures [3] , but real advances in so-called UV-LIGA started with the use of a near-ultraviolet-sensitive epoxy-based material called EPON ® SU-8, first developed as a mask for reactive ion etching (RIE) at IBM Yorktown [4] . In 1996, Lorenz from EPFL and Despont from IBM Rüschlikon used SU-8 for making thick, sacrificial molds [5] and demonstrated the fabrication of high aspect ratio (close to 20:1) and tall (millimeter height) photoresist structures with standard contact lithography tools (Figure 1 ) [6] . Real LIGA is combined with injection molding (Abformung). In most cases, this latter step is omitted, and the electroplated layer is the final part. Sometimes, electroplating is also avoided, leading to parts in photoresist. For clarity, this paper will refer to all of these technologies (with and without electroplating and with and without injection molding) as LIGA. Beside bulk and surface micromachining techniques originally used for micromachining in the late 90s, LIGA can be considered a forerunner to additive manufacturing and a facilitator for the fabrication of micromechanical structures with a high degree of three dimensionality, or HARMS (high aspect ratio microstructures), desired for many applications.
SU-8 Microstructures
Due to its good mechanical, thermal and chemical stability, SU-8 turned out to be a very promising material for polymeric microstructures, also known as photoplastic parts. Low-cost micromechanical structures with micrometer and sub-micrometer features could be fabricated using this resist and standard photolithography steps. Near 3D microstructures could be batch fabricated on a wafer-scale, like micropumps, gearwheels [7] or microengines [8] . The low Young's modulus of this material made it especially suitable for mechanical structures where low-stiffness parts were needed. Scanning probes for AFM (atomic force microscopy) or SNOM (scanning near-field optical microscopy) are good examples of possible applications brought by this photoplastic material [9] . Figure 2 shows an example where a complete cassette consisting of five different probes with pre-defined cut-off zones is entirely fabricated in SU-8 [10] . SU-8-based technology has established itself as an intermediate solution between the low-cost, high-volume fabrication provided by injection molding and the fine, controlled feature characteristics given by silicon technologies. Direct use of SU-8 as a material has also been reported in numerous applications, like spacers for liquid crystal displays [11] , waveguide and optical devices [12] , micro-well arrays in microfluidic, dielectric material [13] or as a barrier layer in inkjet printing system [14] , just to mention a few. The range of applications of SU-8 has reached such a great number that an exhaustive list is now far beyond the scope of this article.
Commercial Applications

Micromolds
The first real industrial applications using UV-LIGA technologies were developed in 1998 with the fabrication of micromold cavity inserts for injection molding. The advantages compared to traditional fabrication techniques, like wire electro discharge machining (WEDM), are very smooth sidewalls and the possibility to produce multi-layered auto-oriented cavities with sharp angles combining basic photolithographic steps and electroplating. Layer by layer, the epoxy photoresist is spin-coated onto a substrate, cured, exposed through a photomask and developed, resulting in a master built of SU-8 ( Figure 3a) . This master is then electroplated with nickel and destroyed. Afterwards, the resulting mold cavity is lapped down to a desired thickness and is ready to be used for micromolding plastic components (Figure 3b ). 
Microparts
Fabrication of metallic stand-alone parts without the idea of replication by injection molding was developed by a derivative process of LIGA. The structuration of the negative of the desired component into the photoresist and subsequent electroplating into this template resulted in the direct lateral definition of the parts. The microconnector, medical, pharmaceutical and biotechnology industries have a great need for components like mold inserts and microparts, but the watch industry has been shown to be the most receptive market for UV-LIGA.
Play-Free Engagement Gearing
In addition to a small sidewall roughness, the advantages given by the design freedom in the x-y plane enabled the fabrication of mechanical parts with integrated new functionalities. One of the most impressive examples of this characteristic has been shown with the manufacturing of gears with slotted teeth.
Developed by a Swiss watchmaker [15] inspired by the UV-LIGA technique, this invention [16] resulted in revolutionary improvements in mechanical watch movements. Thanks to unique design freedom brought by SU-8 photolithography, every tooth can be carved with an engineered shape in order to integrate a spring compensating any play in the gearing. First used in 2002, this play-free engagement system is now widely used in watches and delivers optimal transmission of force, a smooth display and more stability to the watch hands. Figure 4a shows a sector with different functions, like an identification number, an integrated logo, two spring blades and slotted teeth for play-free engagement. Figure 4b shows a close-up of the teeth. The part thickness is 120 µm, while the spring blade is 20 µm at its narrowest width. 
Multi-Level Parts
The multiple photolithographic steps of SU-8 permitted the fabrication of multi-level parts. A single electroplating step on a multi-level mold obtains multi-level components. This solution reduces difficulties, uncertainties and failure risks brought by the subsequent assembly of sub-systems. Figure 5 shows a multi-level component fabricated in one electroplating in a multi-level resist template. A dart with a square foot and three auto-orientated levels have been electroplated in a three-level template. One advantage of using LIGA for fabricating mechanical elements is the excellent alignment between the different levels. This accuracy is a result of the alignment capabilities of mask alignment tools used during the photolithographic steps. Thanks to design freedom in the x-y plane, it is also possible to have levels with geometries difficult to obtain with standard machining techniques.
More than LIGA
Inserted Elements
Based on simple photolithographic steps, UV-LIGA has also shown a very high potential to be combined with other machining techniques. Insertion of single elements into the photoresist mold before electroplating enables fabrication of components with better functionalities [18] . This technique allows perfect positioning of the insert without any risk of damage during its fitting. The use of inserted elements in the watch industry or generally in microdevices gives the final part various advantages. A ruby can be inserted for tribological reasons or to avoid premature wear, for example. As rubies withstand any type of chemical products, inks or abrasive liquids, this makes them also ideal for nozzles. Figure 6 shows process steps for the fabrication of LIGA parts with integrated elements. A photoresist layer is spin-coated onto a substrate, cured, exposed and developed. This layer may define the final part, but may also be used in a multi-level process as a reference layer for the insert (Figure 6a) . A part made with other manufacturing means is inserted into the photoresist template. Its well-defined position is given by the photolithography accuracy. This integrated element can be positioned by its key reference feature. This enables a decrease of the housing and integrated element tolerances (Figure 6b ). Electroplating is done to fill the photoresist mold and the inserted element is then fastened by metal growth around its sidewalls (Figure 6c ). Finally, after standard UV-LIGA steps, the metallic part with its inserted element is removed from the mold and substrate (Figure 6d ). This fabrication technology is well adapted for fragile parts, as no driving forces are needed to assemble the different elements. Figure 7 shows an image of a LIGA part with an integrated ruby. Rubies are used in this case for their low friction coefficient and high hardness. Ruby positioning is given by its friction sidewall. Defined during the same photolithography step, the positioning of the rubies functional faces and the micropart holes are all in the micrometer range. 
CLR-LIGA
Integration of a diffractive optical element (DOE) is another way of adding functionalization to a LIGA micropart [19] . Thanks to the very good replication properties of electroplating, it is possible to add nanometric features in functional micromechanical parts. Exposing a DOE segment with a coherent light displays an image. This technology has been called CLR-LIGA (covert laser readable-LIGA). Originally developed for authentication, such marking also serves for customization or tracking issues. The main advantage of using a DOE incorporated into a functional component for authentication is the insurance that the final product is real. Fabricating a mechanical part with a DOE combines standard micromachining technologies, like deep reactive ion etching (RIE) or KOH etching, for example, with UV-LIGA technology. Figure 8 shows the process steps for the fabrication of LIGA parts with integrated diffractive optical elements. After calculation, a computer-generated diffractive pattern of an image is transferred into a substrate using wet or dry etching techniques or metal lift-off (Figure 8a ). The standard LIGA process is then processed onto this pre-structured substrate, with photoresist spin-coating, curing, exposure and development (Figure 8b ), followed by an electroplating step (Figure 8c ). The part is released after removal of the photoresist and the substrate. The desired authenticator is revealed by covering the diffractive nanostructure with a laser (Figure 8d) .
A critical step of this technology is the control of the etching thickness for DOE. This thickness is the main factor influencing diffraction efficiency. Figure 9 shows SEM images of a functional LIGA part with a nanostructured diffractive optical element on one side. The depth of DOE is 130 nm, and the lateral resolution is 2 µm. The depth has been chosen to give optimal results with a standard green light laser pointer [20] . 
Conclusions
UV-LIGA has been shown to be well-adapted for the fabrication of mold inserts or microparts. However, innovation is a key element to keep this technology viable and competitive from an industrial and commercial point of view. The process evolution for introducing new functionalities and new features in the parts, process optimization for mass production and material development are some
